Quasiclassical trajectory method for the title reaction He + H + 2 → HeH + + H was carried out on the potential energy surface which was revised by Aquilanti et al. [Chem. Phys. Lett. 469, 26 (2009)]. The initial vibrational quantum number of reactant was set as v = 1 v = 2 and v = 3. Stereodynamics information of the reaction was obtained, such as the distributions of product angular momentum P(θ ) P (φ ) (φ θ ) and the two commonly used polarization-dependent differential cross sections (PDDCSs) (2π/σ ) ( σ 00 / ω ) and (2π/σ ) ( σ 20 / ω ), to get the alignment and orientation of product molecules. The results show that the influence of both the collision energy and vibrational quantum number (v) to the reaction are highly sensitive.
Introduction
The potential energy surface for the reaction He + H + 2 → HeH + + H was revised by Aquilanti et al. [1] . The integral reaction cross section for vibrational quantum number enhancement was studied and compared with experimental result of Tang et al. [2] and quasiclassical trajectory (QCT) result of Xu [3] . The reaction has in recent years become a prototype for investigating reactive scattering res-onances and a number of calculations have been reported both in collinear and in three dimensions [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . As highlighted in various works, this reaction proceeds through the stable linear triatomic intermediate HeH + , and it is endothermic in nature and has no saddle point for collinear reaction path. The excited electronic states do not contribute to the reaction at low and intermediate scattering energies because the states are energetically separated from the ground states. The experimental investigations of ion-molecule reactions are related to the positive charge of one of the reactants, which make it very difficult to produce narrow, focused molecular beams at low energies, so only a few experimental data have been obtained for energies close to the reaction threshold, for which exact quantum mechanical calculations can be performed. This reaction was experimentally studied from 1964 to 2005 by some groups [4] [5] [6] . The latest experimental investigations were performed by Turner et al. [6] and Tang et al. [7] . Turner et al. did an experimental study of proton and deuteron transfer in H + 2 +He and HD + +He which was carried out as a function of kinetic and vibrational energy. The data gave evidence that at lower kinetic energies, the spectator stripping mechanism indeed plays an important role when H + 2 or HD + is vibrationally excited. The H + 2 (v = 0) reaction has a much smaller cross section than the v = 1−4 reactions and seems to go through intimate, small impact parameter collisions involving all the atoms. Investigation of the competition between both the proton and deuteron transfer channels for the HD + case shows that vibrational enhancement towards forming the HeD + product falls off sooner with increasing kinetic energy than does the HeH + product, again in accordance with the spectator stripping model. The higher yield for HeH + production at higher vibrational levels of HD + and at lower kinetic energy and the behavior of translational energy dependence of HeH + seems to indicate the importance of the induced orientation of HD + during the collision with He. Because of the displacement of the center of mass from the center of charge in HD + , the charge induced dipole interaction between He and HD + tends to swing the H atom more towards He during the approach of He and HD + . Tang et al. [5] investigated the title reaction over a broad range of reactant vibrational levels using high-resolution ultraviolet to prepare reactant ions either through excitation of autoionization resonance, or using the PFI-ESICO (pulse-field ionization-photoelectron-secondary ion coincidence) approach. They measured the integral cross sections for v = 0−3 with high signal-to-noise using guided-ion beam technique, and PFI-ESICO cross sections were reported for v = 1 − 15 and v = 0 − 12 at center-of-mass collision energies of 0.6 eV and 3.1 eV, respectively. These experiment results give a prototype to theoretical study the reaction He + H2 + → HeH + + H.
Theoretical insight into the reaction over four decades [46] [47] [48] , and the first ab initio calculations for this reaction were performed in the early 1970s for linear geometries at the SCF level of theory [8, 9] . Later, the surface experiments of Brown and Hayes provided the reason why vibrational energy is much more effective than translational energy for the reaction. By employing the time dependent wave packet (TDWP) method, the probabilities and cross section of the reaction were calculated by Chu et al. [10] on the PPA surface which was published by Palmieri et al. [11, 12] . Sathyamurthy et al. [17] [18] [19] [20] [21] [22] used time-dependent quantum mechanical wave packet method to investigate the system (He, H 2 (HD, D 2 )) on the ab initio potential energy surface to reveal a large number of oscillations indicating the presence of a number of reactive scattering resonances and isotopic branching ratio not only sensitive to vibration quantum number (v) but also strongly dependent on rotation quantum number (j). In this letter, we calculated the stereodynamics information of P(θ ) P (φ ) (φ θ θ ) and PDDCSs distribution for collision energy from 0.5 eV (11.53 kcal/mol) to 1 eV (= 23 06 kcal/mol), and only depict (φ θ θ ) distribution on the 0.6 eV, 0.8 eV, and 1.0 eV respectively. We set the initial state for v = 1 − 3 and j = 0 levels. In the calculation, a batch of 80000 trajectories were run for each value of v, and the integration step was chosen to be 0.1 fs.
Theoretical methods
The quasiclasscal trajectory method code was given by Han [36] , and the potential energy surface was given by Aquilanti [1] . We set the vibrational conditions of the H + 2 reactant being at v = 1 − 3 and j = 0 level. And 80000 trajectories were run for each value of v, the Hamilton's motion equation was solved by the symplectic integration method with the integration step of 0.1 fs, which was enough for the total energy and angular momentum conservation. The PDDCSs are written as follow [42] [43] [44] [45] :
when is even, is odd or is odd, is even,
when is even, is odd or is odd, is even. We can summarize these as 2π σ
and S 1 ± was expressed as
can be expanded into a series of Legendre polynomials. The P(θ ) distribution corresponding to the k − j correlation is written as
The 0 coefficients (polarization parameters) are given by
The brackets represent an average over all the reactive trajectories. The dihedral angular distribution of the k − k − j triple vectors correlation is characterized by the angle P (φ ). The distribution of the dihedral angular discussion P (φ ) could be expanded as a Fourier series 
Results and discussion
From the distribution of P(θ ) in Fig. 1 we show that the product angular momentum j is strongly aligned in the direction perpendicular to k. For different value of v, as collision energy increases, there is a contraction in the calculated P(θ ) distributions with an increase in peak height. The max value of P(θ ) is about 1.2 when v = 1, and the values are 1, 1.15 and 2.2 for v = 2 and v = 3, respectively. For both v = 1 and v = 2 states, the reaction exhibits lower and broader distributions than v = 3, which means that the alignment become stronger with increasing value of v. It can be clearly seen when collision energies is smaller than 1 eV, the distribution of P(θ ) presents an increased height for all v value. There are some fluctuations especially for v = 2 that maybe due to the effect of the energy barrier. When collision energy is greater than the energy barrier, the reaction becomes more active. The dihedral angle between the planes consisting of k − k and k − j defines the φ , so the P (φ ) distribution correlates to the k − k − j vector correlation and can provide stereodynamic information not only about product alignment, but also product orientation. In Fig. 2 , the P (φ ) distributions for the three vibrational quantum numbers of all the product channels are described at the collision energies from 0.4 eV to 1.0 eV. Comparing the distribution of P (φ ) on the three vibrational quantum states, we can see that products show strongest alignment and orientation for v = 3, and then for v = 2 and v = 1. The peaks of φ = 90°and φ = 270°show a reduction trend, and increases with increasing the collision energy, which implies that the polarization of product molecules becomes stronger at high collision energy. In Fig. 2 , from comparing the distributions of P (φ ) at different value of v, we show that v = 3 gives strongest alignment and orientation. But for v = 1, there is only a little change of the peak at φ = 90°and φ = 270°. It can be seen that the peak at φ = 90°for v = 3 decreased more obviously than for v = 2 and v = 1, whereas the increasing trend of the φ = 270°peak on both triplet states is almost the same in the other value of v. Examination for v = 1 however, revealed quite different polarization behaviors of the products. As can be seen from Fig. 3a , products on this state have the least orientation and alignment. The distribution peaks at φ = 90°become broader and increase in height and at φ = 270°increasing less with increasing collision energy. This phenomenon shows that product polarization is further reduced at high collision energy. We summarize that for v = 1, the products tend to be less polarized at high collision energy, which is contrary to those on the other initial vibrational quantum number setting.
The features of P (θ φ ) distributions with peaks and valleys for the four collision energies (0.6 eV, 0.8 eV and 1.0 eV) of triplet v value (v = 1 v = 2 v = 3) are depicted in Fig. 3 . We can clearly see that all P (θ φ ) distributions agree very well with distributions of P (φ ) and P(θ ), with the strongest peaks at (90°, 90°) or (90°, 270°). The distributions of P (θ φ ) implies that the product HeH + is preferentially polarized perpendicular to the scattering plane and the reaction is dominated by "in plane" mechanism.
The calculated polarized dependent differential cross sections (PDDCSs) are plotted as a function of both collision energy (0 5 eV − 1 0 eV) and scattering angle θ in Fig. 4 . We use PDDCS to describe the correlation of k − k − j and scattering direction of the product molecule. It is known that PDDCS 00 correlates with the usual differential cross section (DCS), and PDDCS 20 is related to alignment momentum P 2 cos(θ ) which is the expectation value of second Legendre moment. It can be seen that the value of PDDCS 00 decreased with enhancing scattering angle θ (from 0 to 180°) for all collision energies (0 5 eV−1 0 eV), indicating the product molecules prefer forward scattering, which is in accordance with the investigation of Xu [3] . For different v value, the total trend shows forward scattering, and forward scattering becomes stronger with increasing v . The peaks at θ = 0 display a movement for all of the collision energies when v = 1, and an increasing collision energy leads to an enhancement in the forward scattering. For v = 2 there is a little movement though there are some fluctuations. However, such forward scattering is significantly reduced at high collision energy. The PDDCS 00 calculated for H + 2 (v = 3 j = 0) state shows the strongest forward scattering, and the scattering is enhanced by an increase in the collision energy from 0.5 eV to 1.0 eV. The PDDCS 20 , whose value is the expectation value of the second Lewgendre moment, shows the trend which is opposite to that of PDDCS 00 over the range of scattering angle for all the H + 2 (v = 1 − 3 j = 0) state. It can be inferred that product angular momentum j is strongly aligned perpendicular to k. PDDCS 20 also indicate the product alignment is very strong for the scattering angle θ = 0°for different value of v. This is consistent with the product alignment prediction from the (θ ) distributions. Hence, we can see that product polarization differential cross-sections (PDDCSs) are sensitive to vibrational quantum number (v). 
Conclusion
The reaction He+H + 2 → HeH + +H was investigated using quasiclasscal trajectory method on the revised potential energy surface of Aquilanti et al., and the stereodynamics information of the reaction was discussed. The initial vibrational and quantum number was set at v = 1 − 3 and j = 0, and run for 80000 trajectories at each value of v. It was found for the distribution of P(θ ) that all the products are aligned perpendicular to k, and alignment become stronger with increasing collision energy at each value of v. The distribution of P (φ ) shows a degree of product polarization. The result shows that when v = 2 and v = 3 the product polarization becomes stronger with increasing collision energy, but v = 1 shows a contrary trend. Moreover, the distribution of polarization dependent-differential cross section (PDDCS) shows forward scattering at θ = 0, which means there is a strong product alignment perpendicular to k, and with increasing the value of v, the forward scrattering becomes stronger. The result reveals a very high sensitivity of the stereodynamics information to vibrational quantum number (v).
